Cultures of human epidermal keratinocytes provide a useful experimental model with which to study the factors that regulate cell proliferation and terminal differentiation. One situation that is known to trigger premature terminal differentiation is suspension culture, when keratinocytes are deprived of substratum and intercellular contact. We have now investigated whether area of substratum contact, and hence cell shape, can regulate terminal differentiation. Keratinocytes were grown on circular adhesive islands that prevented cell-cell contact. By varying island area we could vary cell shape from fully spread to almost spherical. We found that when substratum contact was restricted, DNA synthesis was inhibited and expression of involucrin, a marker of terminal differentiation, was stimulated. Inhibition of proliferation was not a sufficient stimulus for involucrin synthesis in fully spread cells. When DNA synthesis and involucrin expression were plotted against contact area, classic dose-response curves were obtained. Thus cell shape acts as a signal for the terminal differentiation of keratinocytes in culture.
The epidermis is one of the tissues in the body that is continually renewed throughout adult life. Mitosis occurs in the basal layer, and cells that leave it stop dividing and undergo terminal differentiation as they move through the upper layers. As part of the program of terminal differentiation, synthesis of a number of different proteins is induced, including involucrin, a precursor ofthe cornified envelope (1, 2) . Assembly of the cornified envelope in the outermost epidermal layers marks the final stage of keratinocyte terminal differentiation.
Human epidermal keratinocytes can be grown in culture under conditions in which they form stratified sheets with many of the properties of the tissue from which they were derived (3, 4) . Mitosis is restricted to the basal layer, attached to the culture substratum; the cells undergo terminal differentiation in the suprabasal layers and finally detach into the culture medium. Such cultures therefore provide a useful experimental model with which to investigate the factors that regulate initiation of terminal differentiation.
Although terminal differentiation is normally linked to stratification, keratinocytes in culture can still initiate terminal differentiation when forced to grow as a monolayer (5, 6) , and the commitment to terminally differentiate occurs in the basal layer in vivo (7) . This commitment must be influenced by cell geometry or interrelationships, because when keratinocytes are placed in suspension culture they undergo premature terminal differentiation: they lose the ability to divide and they assemble cornified envelopes (8, 9) . Cells in suspension are denied contact with other cells and with an adhesive substratum and either of these factors might act as a signal for terminal differentiation (10) (11) (12) (13) .
To investigate the role of cell-substratum contact, and hence cell shape, in regulating terminal differentiation, we have made use of a recently described technique that allows precise control of cell-substratum contact in the absence of cell-cell contact (14) . We have looked at the effect of changes in cell shape on DNA synthesis and involucrin expression and conclude that a rounded morphology acts as a signal to keratinocytes to stop dividing and to undergo terminal differentiation; inhibition ofproliferation in spread cells is not a sufficient signal for terminal differentiation.
MATERIALS AND METHODS
Cell Culture. Stock cultures of newborn human foreskin keratinocytes (2nd to 17th passage) were grown with a feeder layer of mitomycin C-treated Swiss 3T3 cells as described (3, 15) . The culture medium consisted of one part Ham's F12 medium, and three parts Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 0.18 mM adenine, 5 ,ug of insulin per ml, 0.5 tkg of hydrocortisone per ml, 0.1 nM cholera toxin, and 10 ng of epidermal growth factor (EGF) per ml (16) . The EGF was prepared by C. George-Nascimento and generously donated by Chiron (Emeryville, CA).
To set up experimental cultures on island-patterned dishes or in methylcellulose, the 3T3 feeder layer was removed by aspiration with 0.02% EDTA (17) and keratinocytes were harvested with 0.05% trypsin/0.01% EDTA. Keratinocytes were seeded in suspension at 5 x 104 per ml in 2.0 ml of medium containing 1.3% methylcellulose (18) . For island cultures, cells were seeded at 10' per 35-mm (diameter) culture dish and allowed to attach for 2-3 hr; then nonadherent cells were resuspended and the medium was immediately gelled with agarose (0.3%). Low-gelling-temperature agarose was purchased from Marine Colloids (Rockland, ME). - Construction of Island Dishes. Dishes were imprinted with island patterns as described (14) . The dishes were first coated with a nonadhesive substratum of polyHEMA (Hydron Laboratories, New Brunswick, NJ) and the islands were deposited by vacuum evaporation of palladium through a mask of copper film (Allan Agar, Stansted, UK). The island patterns imprinted with these masks were of two types, graduated and uniform. Both were based on a rectangular grid with 150 tim between the centers of the islands. The graduated pattern consisted of a regular series of 10 circular island sizes, ranging from 400 to 5000 am2, with rectangular islands of 300 x 750 tim distributed at intervals over the pattern. Two uniform patterns, consisting of circular islands of a single size, were also constructed: in one the island area was 500 ,m2 (25 (specific activity, 8000 Ci/mmol; Amersham), extracted in PAGE sample buffer containing 2-mercaptoethanol, and electrophoresed on 7.5% acrylamide gels, using the buffer system of Laemmli (20) . Gels were stained with 0.1% Coomassie brilliant blue R, fluorographed (21), dried down, and exposed on prefogged Fuji RX film (22) .
Immunofluorescence. Cells were fixed in 3.7% formaldehyde in PBS for 10 min. They were then permeabilized in 0.5% Triton X-100 in PBS for 2 min at room temperature and incubated for 45 min with a rabbit antiserum to involucrin (6) . After thorough washing in PBS, the cells were incubated with fluoresceinated goat anti-rabbit IgG (Bio-Yeda, Rehovot, Israel) as before and then washed and mounted in Gelvatol (Monsanto).
RESULTS
Induction of Involucrn Synthesis in Suspension. The effect on involucrin expression of growing keratinocytes in suspension culture was measured by PAGE and immunofluorescence microscopy. Fig. 1 correlated with an increase in cell size (23) , and the modal diameter ofcells in suspension culture was greater than in the starting population (compare Fig. 2 a and b) . In contrast, when cells were seeded on plastic for 24 hr, the proportion of involucrin-positive cells fell slightly, because some of the involucrin-positive cells in the starting population did not attach (Table 1) .
These experiments show that involucrin expression was induced by 24 Fig. 3 illustrates the shapes adopted by keratinocytes on islands of different areas, ranging from fully spread to almost spherical. In some cases, cornified envelopes assembled within the cells: such cells were enlarged and often collapsed. Collapse could result in bizarre doughnut shapes (Fig. 3c) Fig. 4) . Morphometric analysis showed that the Keratinocytes seeded on uniform 500-,m2 or 2000-wm2 islands were labeled with [35S]methionine and extracted in sample buffer 24 hr after plating. Densitometric analysis of the proteins separated by PAGE showed that there was twice as much involucrin in the rounded cell extracts, from small islands, as in the spread cell extracts, from large islands (not shown). Thus, the difference in the proportion of cells expressing involucrin on different-sized islands was reflected in the involucrin content of the cultures.
Titration of Cell Response to Island Area. To determine the detailed relationship between cell shape, DNA synthesis, and involucrin expression, keratinocytes were cultured in dishes containing a graded series of 10 different sizes of island. These sizes ranged between 400 ,um2 and 5000 ,um2 ,um in diameter). Graded dishes also contained larger rectangles of 0.2 mm2, to allow unconfined cells to be studied under the same conditions (14) . Cells were incubated for 3 days on the island array and at the end of this period the proportion of cells synthesizing DNA was assessed by autoradiography, whereas the proportion expressing involucrin was scored after immunofluorescence staining ofparallel dishes (Fig. 5) .
As shown in Fig. 6 , the proportion of cells incorporating [3H]thymidine was about 15% on the smallest islands (400 AMm2) and rose to a maximum of 45% on the largest islands.
Thus, as observed for fibroblasts (14) , there was a doseresponse relationship between DNA synthesis and substrate contact area. A dose-response relationship was also observed between island area and involucrin expression, although in the opposite direction. Up to 50%o of the cells on the smallest islands expressed involucrin compared with only 5% on the largest islands.
We have confirmed the immunofluorescence data by photometry. Rounded cells inevitably appear brighter to the eye than flattened cells, even when the amount of antibody bound is the same, because the fluorescence is concentrated over a smaller area. However, photometry provides a measure of the total light emission from single cells, irrespective of shape, and thus any significant increase above background provides an objective indication of the presence of involucrin. The proportion of cells scored as positive in this way began to rise at between 2000 ,um2 and 1000 ,um2 and approached a maximum at 400 ILm2 (Fig. 7) . Plots of the average emission from the cells on each island size gave a similar curve (not shown). Our visual estimates (also shown in Fig. 7) , made on the same plates, were in good agreement with these photometric measurements.
Inhibition (Fig. 6 ). In the past, a number of workers have noted correlations between cell morphology and differentiated gene expression (see, for example, refs. 25, 26), but our experiments provide evidence for a direct role of cell shape in the absence of cellcell interactions. It is clear from Fig. 1 that involucrin is not the only protein whose expression is regulated by cell shape. We have preliminary evidence that in suspension culture and on small islands there are changes in the pattern of expression of keratins and components of the extracellular matrix (P. Newman and F.M.W., unpublished data). Thus, restricted substratum contact may result in coordinate regulation of a number of different genes in a way that may mimic the program of terminal differentiation in vivo.
The proportions of keratinocytes synthesizing DNA or involucrin on tissue culture plastic were intermediate between those on islands of different sizes (Fig. 4) . This is most simply explained by their intermediate area of spreading, but other factors might also be involved. For example, cell-cell contact could modulate proliferation and terminal differentiation: the extent of keratinocyte communication by means of gap junctions is reduced during terminal differentiation and the equilibrium concentration of molecules transmitted by gap junctions might affect the proportion of undifferentiated keratinocytes that enter mitosis (13) . A further possibility is that keratinocytes on the largest islands are subject to tensile stress when they conform to the circular contour of the substratum and that this acts as a positive stimulus for DNA synthesis (27) .
We have shown here that reduced substratum contact can act as a signal for terminal differentiation. However, it is also known that the affinity of keratinocytes for the substratum is reduced as a consequence of terminal differentiation (15, 24) . Similarly, the size of the cells increases as they terminally differentiate (23, 28) , and if space on the substratum is limited an increase in size would also reduce the proportion of the cell surface in contact with it. Hence, reduction in substratum contact can be cause and consequence of differentiation. We speculate that these relationships might form the basis of a positive feedback system in vivo, in which crowded cells are at the same time induced to differentiate and to leave the basal layer.
In stratified cultures on plastic the basal keratinocytes are highly spread, but in the epidermis they are cuboidal. In consequence, substratum contact area can be very much greater in vitro. We have shown here that restricted substratum contact area is a signal for terminal differentiation, but it is possible that the critical parameter is in fact the strength of the adhesive interaction and that the basement membrane might offer greater adhesion than any of the substrata we have used.
In culture, involucrin synthesis begins immediately above the basal layer. In vivo it usually begins in the upper spinous layers and is sometimes, though not always, correlated with cell flattening (29) . The reason for such an association may lie in changes in cell-cell adhesiveness and in cell volume. We have consistently noticed a correlation between envelope formation and cell collapse on islands (Fig. 3) ; in vivo collapse (and flattening) may precede envelope assembly.
The nature of the terminal differentiation signal to which rounded cells repond is unknown. One possibility is that the signal involves interactions between the plasma membrane and the cytoskeleton (reviewed in refs. 11, 12, 30) . Cellsubstratum adhesion is initially mediated by focal membrane specializations (31) and it is known that island culture can result in striking alterations in the number, arrangement, and turnover offocal contacts (32) . Confinement on small islands might therefore stimulate terminal differentiation by means of its effects on focal contacts, which could in turn affect the state of assembly of the cytoskeleton. Evidently, this hypothesis is open to test, and the smooth nature of the doseresponse curve relating shape and terminal differentiation makes specific predictions about the nature of the proposed control signal.
Finally, the results show that cell shape can act as a signal for terminal differentiation and inhibition of DNA synthesis. Irreversible inhibition of proliferation normally precedes terminal differentiation, but arrest of cells in G2 stage by prolonged exposure to high specific activity [3H]thymidine was not a sufficient signal for induction of involucrin expression in our experiments. The extent of overlap between the two signaling pathways remains to be determined.
